Background: Perioperative MRI has disseminated into breast cancer practice despite
| INTRODUCTION
Perioperative MRI has been adopted into clinical practice despite equivocal results about effectiveness. Earlier evidence suggested that MRI may increase detection of occult cancer, 1,2 but subsequent studies have shown that perioperative MRI has generally not yielded better outcomes, may be associated with more aggressive surgical approaches, and can lead to overdiagnosis. [3] [4] [5] [6] [7] [8] Additionally, women who receive MRIs in the diagnostic or perioperative setting have higher total, imaging and biopsy costs. 9 Despite these concerns, perioperative MRI use increased from <1% of Medicare beneficiaries undergoing breasts cancer surgery in 2000-2001, to about 25% of patients in 2008-2009. 10 Understanding why physicians use unproven technologies, such as perioperative MRI, is an important step to improving value in cancer care. New technologies represent a major contributor to the cost increase in cancer care. 9, 11 Previous work has demonstrated the influence of several factors, including patient preference, payer policies, and geographic region, on variation in physician practices. [12] [13] [14] Although these are important determinants of practice patterns, these prior studies have not focused on the potential impact that physicians have on each other. Indeed, one novel factor that has emerged as a potentially important influence on physicians' practices is their peer network. Social contagion theory proposes that social networks can have a measurable impact on health-related behaviors and traits 15 such as smoking and obesity. 16, 17 More recently, studies of physician peer networks have shown differences in care patterns and outcomes based on peer connections. [18] [19] [20] For example, sharing patients with another surgeon who had incorporated brachytherapy into breast cancer care was associated with surgeons' subsequent uptake of brachytherapy. 18 Similarly, physician peer group use of perioperative MRI was associated with subsequent adoption of the technology. 21 Despite these initial studies suggesting that social contagion may affect cancer care, we know little about whether specific characteristics of physician peer groups might be related to the adoption of new treatments. Several studies have shown that physician peer networks are complex and can vary in both their composition 22 and connectivity. 23 There is also evidence that these characteristics are associated with differences in care. Physician peer groups with a higher proportion of primary care physicians (PCPs) experienced higher rates of ambulatory care sensitive admissions. 22 Additionally, network connectivity features including centrality (the extent to which connections between other providers in the network go through that provider) and clustering (whether the neighbors of each physician in a network are more or less connected with each other) have been associated with differences in care. 24, 25 For example, increased centrality of PCPs was associated with fewer medical specialist visits. 24 To our knowledge, no study has addressed whether specific network characteristics are associated with the uptake of specific medical practices over time. Identifying the factors which affect the social structure of medical care could help shed new light on potential mechanisms of social contagion, and allow for proactive identification of physician networks at higher risk of adopting low-value practices. To address this knowledge 
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breast cancer, diagnostic imaging, magnetic resonance imaging, Medicare, social networking gap, we constructed peer groups of physicians who treated Medicare beneficiaries with breast cancer and examined how characteristics varied across these physician networks. We then tested whether those characteristics were associated with differences in rates of adoption of perioperative MRI over time.
| METHODS

| Study design
We used a retrospective claims-based approach to construct physician networks within hospital referral regions (HRRs) during a period of rapid uptake of MRI (2004 MRI ( -2009 and a corresponding cohort of non-cancer patients with physician visits during the same time period. The claims from these patients were used to map connections between five types of physicians involved in breast cancer care (surgeons, medical oncologists, radiologists, radiation oncologists, and PCPs including obstetricians/gynecologists). Next, we characterized these physician peer groups using metrics adapted from the field of social network analysis, which we hypothesized might be associated with adoption of a new technology such as use of perioperative MRI in breast cancer care. We then identified surgeons who had not used MRI during T1 (2004) (2005) (2006) and examined whether physician peer group characteristics were associated with subsequent adoption of perioperative MRI use during T2 (2007-2009) among these surgeons. The approach is similar to what we used previously to show that the rate of MRI use in a physician peer group was associated with adoption of MRI in a subsequent time period. 21 
| Data source and sample
Our study used the SEER-Medicare database, which contains clinical and demographic information about cancer patients and connects this information with a patient's Medicare claims. The SEER regions cover 28% of the United States population. 26 We used two different samples for this study. First, in order to identify physician patient-sharing networks, we identified female beneficiaries who were diagnosed with stage 0-III breast cancer during T1. We excluded patients who had an additional cancer diagnosis, were outside the age range of 67-94, were not continuously enrolled in Medicare Parts A and B for 12 months before and after diagnosis, had the diagnosis reported only on autopsy or death certificate, had an unknown diagnosis month, or had non-epithelial histology. To increase the amount of observed patient-sharing between physicians, we also used Medicare claims for women from the Medicare 5% random sample of beneficiaries residing in SEER regions who did not have cancer. We assigned these women without cancer a random index date, which was used in an analogous way as date of diagnosis for the beneficiaries with breast cancer.
Then, to assess the impact of peer group characteristics on the adoption of MRI, we selected women with breast cancer who met the same eligibility criteria described above and were diagnosed during T2, and who were treated by surgeons who had no MRI use in T1. In addition, we further excluded women from this sample who did not receive cancer surgery and those with in situ cancer.
| Physician peer group construction
Our method of physician peer group construction has been described previously elsewhere. 21 Physicians were included in peer group construction if they were PCPs, radiologists, or cancer specialists (medical oncologists, surgeons, radiation oncologists) and provided care for five or more patients (cancer or non-cancer) in the sample during the T1 study period. We identified the specialty of each physician using the Medicare specialty code as well as billings for certain services (eg, breast surgery for surgeons). Patient-sharing ties were determined by identifying all National Provider Index physician identifier codes on a patient's claims during the 3 months before through 9 months after diagnosis. A connection between physicians was established if they shared at least two patients. After mapping patient-sharing connections between physicians using all patients residing within an HRR, we constructed mutually exclusive physicians within each HRR using the Girvan-Newman algorithm, which identifies an optimal number of discrete highly connected sub-groups within the larger HRR-based networks. We weighted each connection between two physicians by the number of patients shared.
27,28
Once these physician peer groups were constructed, each breast cancer patient was assigned to the surgeon who performed her breast cancer surgery and then subsequently assigned to the physician peer group to which her surgeon was assigned. In our analysis, we excluded physician peer groups that contained only one surgeon or one breast cancer patient. An example of a physician peer group is shown in Figure 1. 
| Physician peer group characteristics
For each physician peer group, we calculated the following characteristics:
| Composition
This included measures for the number of women with breast cancer assigned to the physician peer group, the total number of patients seen by doctors in that peer group, and the number of physicians by specialty.
| Degree
The degree of a physician is the number of other physicians ("alters") with whom a particular physician of interest (the "ego") shares patients. As the number of connections with other physicians depends on the number of patients a physician treats, we adjusted the degree by dividing by the total number of patients in a physician peer group. We then calculated the average degree and average adjusted degree for physicians within each physician peer group.
| Transitivity
Transitivity, measured by a clustering coefficient, reflects how tightly knit a physician's neighbors are (Figure 2) . To calculate the clustering coefficient of physician A, we divided the actual connections between neighbors of A by the possible connections between neighbors of A. We used this coefficient for each physician to calculate the average clustering coefficient for each physician specialty in the physician peer group. We also calculated the global clustering coefficient, which is the percentage of completed triangles over all potential triangles of physicians in the peer group. In addition, we calculated network density (observed connections in a group over all possible connections).
| Centrality
Centrality is a measure of physician importance in their peer group (Figure 2 ). We calculated "betweenness centrality" which reflects how likely a given physician is to be on the shortest path that connects two other physicians within their peer group. 23 To calculate the centrality by physician specialty, we took the average centrality of each specialty and divided it by the overall mean centrality of all physicians in the peer group.
| Outcome and covariates
Our outcome was whether a patient with breast cancer had a claim for perioperative MRI imaging (identified by CPT/ F I G U R E 2 Graphic representation of network terms HCPCS codes). Perioperative MRI was defined as an MRI received three months prior to diagnosis to three months following surgery. Patient demographic and clinical characteristics included age at diagnosis, race, number of comorbidities, whether they had a PCP visits in the 24 through 3 months prior to diagnosis, marital status, median household income at the census tract or zip code level. Comorbidity was measured using a modified Elixhauser index from 12 to 1 month prior to breast cancer diagnosis. 29 Additionally, we measured cancer characteristics including tumor size, node positivity, stage, hormone receptor status, grade, and laterality.
| Statistical analysis
We summarized each of the physician peer group characteristics described above, reporting the mean, standard deviation, median, interquartile range (IQR) and range. If a physician peer group did not include a particular specialty, its metrics for that specialty were not reported. Then, to assess the association between each characteristic and the uptake of MRI during T2, we estimated a series of hierarchical generalized linear models, with a logistic link and random effects for HRR, physician peer group, and physician. All models included all the patient characteristics listed above as well as the baseline (T1) peer group rate of MRI. We first estimated a separate model for each peer group characteristic, and tested whether the effect of the characteristic differed from zero, and reported the effect, the P-value, and the proportion of variance explained at the peer group level. For all physician peer group characteristics that were significant at P < 0.05 level in the individual assessment, we then used a collinear diagnostic to identify characteristics that were highly correlated with one another based on the method of Belsley and Kuh to identify and drop highly collinear factors. 30 Following the collinear diagnostic, all remaining physician peer group characteristics were included in a multivariable model (with adjustment for patient characteristics and peer group rate of T1 MRI use, as well as HRR, peer group, and physician random effects). We further applied backward stepwise selection to this model to determine the final list of variables retained. All analyses were done using SAS 9.4, R (version 3.2.2) (SAS Institute Inc., Cary, NC), the igraph package (v 0.9) (R Foundation for Statistical Computing, Vienna, Austria), and Stata 14.2 (StataCorp 2016, College Station TX).
| RESULTS
At T1, after the exclusion of physician peer groups with <2 physicians, there were 15 149 breast cancer patients across 390 peer groups in 91 HRRs (characteristics of T1 patients are shown in Appendix Table S1 ). There were 2439 surgeons, 1214 radiation oncologists, 1532 medical oncologists, 5890 radiologists, and 11 638 PCPs. During T1, peer group MRI use varied from 0% to 100% (IQR 0%, 8.5%), with an overall baseline MRI use of 9.1%.
There were 1117 surgeons who had no MRI patients in T1 and also treated patients in T2. The characteristics of patients in our T2 sample treated by these surgeons are described in Table 1 . Over half of our T2 patients were stage I (58.3%), and the majority of patients were hormone receptor positive (82.0%).
| Physician peer group characteristics
At T1, there was a mean of 4.7 (SD = 3.6) physician peer groups within each HRR. Peer groups had an average of 38.8 (SD = 46.4) surgeries, 58.2 (SD = 61.0) physicians (Table 2) , and 372.4 (SD = 388.4) cancer and non-cancer patients. PCPs were the most common specialty, accounting for 47.7% (SD = 17.9) of the physicians within a peer group on average. Surgeons accounted for an average of 13.5% (SD = 9.4) of the physicians, and medical oncologists and radiation oncologists each made up a small percentage, accounting for 6.2% (SD = 5.2) and 5.8% (SD = 8.6) on average, respectively.
Network characteristics related to position of different specialties and connectivity varied widely between networks. The average overall physician centrality was 24.9 (SD = 35.3). The relative centrality by specialty was highest for radiologists (0.52, SD = 0.21) and lowest for PCPs (0.080, SD = 0.097). The centrality for surgeons was 0.14 (SD = 0.15). Looking at the average number of connections, the mean physician degree was 14.8 (SD = 8.6), indicating that the average physician shared patients with about 15 other physicians. The mean adjusted degree was 0.84 (SD = 0.34). Average surgeon clustering coefficients (a measure of transitivity) varied across physician peer groups from 0.41 to 1.
| Association between physician peer group characteristics and MRI adoption
Several physician peer group characteristics were significantly associated with adoption of MRI during T2 when examined individually, and these included number of PCPs, number of surgeons, radiologist transitivity, number of patients, percent surgeons and others listed in Table 3 . Of those significant in the individual analysis, three were dropped from consideration for the final model because of collinearity (number of patients, percent surgeons, and average centrality).
Two physician peer group characteristics, the percentage of PCPs and surgeon transitivity, were significantly associated with uptake of MRI in the final model, which also adjusted for patient characteristics and baseline physician peer group MRI use. About 10% higher surgeon transitivity was associated with higher rates of MRI adoption (odds ratio [OR] = 1.29, 95% confidence interval [CI] = 1.06, 1.58). Conversely higher percentage of PCPs was associated with lower rates of MRI adoption; each 10% increase in the percentage of PCPs was associated with an OR of 0.81 (95% CI = 0.71, 0.93). In addition to the two peer group structural characteristics, we found that peer group baseline rates of MRI use were also associated with adoption of MRI; patients treated by physicians who were in groups with >10% baseline MRI use were significantly more likely to receive MRI during T2 (OR: 4.11; 95% CI = 2.42, 6.97) compared to groups with no MRI use during T1.
| DISCUSSION
We found that two physician peer group characteristics were associated with surgeon adoption of breast MRI in a longitudinal analysis. A higher concentration of PCPs in the peer group was associated with decreased adoption, while increased surgeon transitivity was associated with increased adoption. While prior work suggests that membership in patient-sharing groups is associated with differences in physician behavior, [19] [20] [21] [22] 24 our findings further suggest that the composition and structure of physician peer groups can impact uptake of a technology. Our study builds upon prior work by incorporating a longitudinal design, allowing us to focus on adoption of a new modality. A higher percentage of PCPs within a peer group was associated with lower rates of MRI adoption. This result adds to the limited, cross-sectional, and conflicting evidence about the role of PCP position in networks and utilization of healthcare resources. A previous study found that networks with a higher PCP percentage had slightly higher ambulatory care sensitive hospital admissions. 22 Additionally, in our study, we did not find a significant association with PCP centrality, while a previous study found that a higher relative PCP centrality was associated with lower resource utilization and costs in the last two years of life. 24 Since PCPs do not order MRIs, it is not immediately clear why a physician network with more PCPs would have a slower adoption of MRI. A previous study has shown an association of the co-localization of surgical care and PCPs at the same hospital with significantly lower costs of care in colon cancer, suggesting that PCP peer relationships and placement in care structures may impact resource utilization in cancer care. 31 However, evidence on the relationship between PCP concentration and spending is mixed. One study showed that states with a higher percentage of general practitioners had lower spending and improvement in quality of care metrics, 32 whereas a later study showed higher spending in areas with more PCP full-time equivalents per Medicare beneficiary. 33 The percentage of PCPs could also be a proxy for other health system characteristics that affect surgeon usage of MRI, such as strategic goals emphasizing value-based care. Further research is needed to elucidate our observed negative association between PCP concentration and MRI adoption.
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Odds ratio (95% CI) P-value Increased transitivity, as we studied in surgeons, can allow for people to receive similar information from multiple sources, allowing for reinforcement of a practice that may not be readily adopted from exposure to a single source of information. 34 In a study where subjects were assigned to a random or clustered network, the clustered network spread the health behavior (registering for a health forum) farther and faster. 35 Thus, surgeons within highly clustered networks may have had the reinforcement necessary to overcome the activation energy of adopting a new technology. Our study has limitations. First, patient-sharing connections identified based on billing patterns may not represent true relationships between physicians. However, prior work demonstrated that physicians who share patients on billing claims are more likely to report a professional relationship. 36 Second, despite being limited to one mutually exclusive peer group within an HRR, doctors could be assigned to an additional peer group in different HRRs. Third, our sample was limited to Medicare fee for service patients. Fourth, despite controlling for a rich set of demographic and clinical covariates, unmeasured confounders may still exist, including physician factors, such as surgeon's experience. Lastly, our study did not examine how other healthcare delivery structures, such as hospital affiliations, may have impacted our results. Previous work has shown that peer groups may be associated with, but are distinct from, these structures. 23 In conclusion, we expanded on prior work by incorporating a longitudinal study design and showed that the structure of physician peer groups may influence the adoption of new technologies. These structures could be exploited for interventions aiming to improve value by reducing usage of ineffective techniques. Further research is needed to better characterize the mechanisms by which care patterns spread across peer groups, and assess whether these findings are generalizable to the use of other technologies in cancer care.
